Magnetic recording media based on patterned shapes are promising for applications in high density data storage. Optimizing the design of the patterned arrays requires characterization of the particle shapes and their relative locations, and the magnetostatic interactions between particles. To achieve this, one must determine the three dimensional (3D) magnetic induction in and around the nano magnets. We propose a method based on Vector Field Electron Tomography coupled with phase reconstructed Lorentz Microscopy to determine the 3D magnetic induction. This method can be broken down into two steps 1) Determination of the magnetic phase shift of the electron wave using phase reconstructed Lorentz microscopy and 2) Reconstruction (in 3D) of the magnetic induction in and around the magnetic particle using Vector Field Electron Tomography (VFET). First, we will discuss the theoretical development of VFET and then the importance of spherical aberration (C s ) correctors for Lorentz microscopy.
This leads to two experimental modes of observation, Fresnel (out-of-focus imaging) and Foucault (dark field imaging). This approach adequately explains the commonly observed contrast features in both imaging modes. However, to formulate a quantitative understanding of Lorentz microscopy, especially Fresnel imaging, we have to use the quantum mechanical approach. According to this approach, an electron traveling through a thin foil with inner electrostatic potential V and magnetic vector potential A, experiences a phase shift given by:
where the integrals are taken along the electron trajectory [1] . The magnetic component of the phase shift can be rewritten as:
where Φ 0 is the flux quantum. The magnetic phase shift is thus equal to the flux enclosed between the electron trajectory and a reference trajectory, in units of the flux quantum. The resulting electron exit wave function can be written as:
Using this equation, Lorentz images can be simulated using an approach similar to standard High Resolution Electron Microscopy (HREM) image simulations.
Next, we must recover the magnetic phase shift from the Lorentz images. The total phase shift of the electron wave can be determined using either electron holography or by application of the Transport-of-Intensity (TIE) formalism. The latter formalism is based on the TIE equation, which can be written as:
where the 2D nabla operator works in the plane normal to the electron beam. The right hand side of the equation can be computed from the experimental Fresnel images, and the equation can be solved for the phase using a Fourier transform approach [2] . Once the total phase is obtained, the sample is then flipped by 180 o and again the TIE formalism is applied to recover the phase. Due to the flip, the electrostatic phase shift remains the same whereas the magnetic phase shift changes sign. Thus by subtracting the phase of the flipped sample from that of the unflipped sample, the magnetic phase shift can be extracted.
Tomography is a method to reconstruct a 3D object from its 2D projections. While electron tomography has been used for a long time in the study of biological structures and molecules [3] , vector field electron tomography is a lesser known technique that can be used to determine 3D magnetic induction. For a comprehensive study of vector field tomography we refer the reader to [4] . The phase shift of the electron wave, described in the previous section, can be expressed in terms of tomographic quantities. The electrostatic phase shift corresponds to a scalar x-ray transform and the magnetic phase shift is described by the vector x-ray transform. The magnetic phase shift can be rewritten as:
where A is the magnetic vector potential of the particle and theta is the angle of tilt about the x axis. In Fourier space, this equation can be written as:
One of the components of magnetic induction B can be expressed as: obtained by using the divergenceless condition on B. Thus, the complete 3D magnetic induction can be obtained in and around the magnetic particle. Figure 1 shows a proof of concept derivation of the complete VFET procedure for magnetic dipole. Since any 3D field can be considered as a superposition of dipole fields and since all the operations involved in VFET are linear, theoretically any 3D field can be reconstructed. Since the method relies upon faithful reconstruction of the magnetic phase shift, we have studied the effect of the most important aberration, the spherical aberration, on the phase reconstruction and reconstructed 3D magnetic induction. Simulations were performed using a hexagonal prism with dimensions a = 20 nm and c = 40 nm. The saturation magnetic induction of the particle was taken to be 1 T, uniformly along the c-axis. The particle was oriented such that the c-axis was in the x-y plane. The theoretical phase shifts for the particle were computed using the shape amplitude formalism given in [5] . In the Lorentz transfer function, the spherical aberration was varied from 100 mm for a typical Lorentz lens to 0.05 mm for a corrected lens. Table  1 shows the microscope parameters for 3 different microscopes used for simulations; q c is the beam coherence and D is the defocus spread. Df is the defocus step size used for Fresnel imaging. Figure 2 shows the Fresnel image simulation for two tilt series.
Phase reconstruction was performed on these images followed by tomographic reconstruction. The tomographic reconstruction was performed using the filtered back projection method. Figure  3(a) shows the theoretical magnetic phase shift for the particle and (b)-(d) show the recovered phase shift for the 3 microscope settings. The bottom row of Table 1 shows the root-mean-square error (RMSE) of the reconstructed phase. It is clear that the phase recovery is the most accurate for the C s corrected microscope. the reconstruction of B relies on the recovered magnetic phase shift, it is important that the error in the phase shift recovery be minimized. It is clearly seen from Figure 3(b-d) that C s plays an important role in the phase shift recovery. Thus, for quantitative characterization of the 3D magnetic induction at the nano-scale, there is a need to use C s correctors in Lorentz mode.
